 (Occup Environ Med 1996;53:567-572) 
The clearance of particles deposited in the mammalian lung represents a vital mechanism against toxic effects associated with exposures to airborne dusts.'-3 For insoluble particles deposited in the alveolar region, the most prominent clearance pathway involves phagocytosis by alveolar macrophages followed by transport to the conducting airways for mucociliary removal. A very small portion of the particle mass is cleared by other pathways-namely, direct penetration of particles through the alveolar epithelial cells or migration of alveolar macrophages loaded with particles into the interstitium where they are either retained or transported to the lymphatic system.
It has been shown that an excessive lung burden retards pulmonary clearance in rats. Klosterk6tter and BUnemann4 showed that the rate of pulmonary clearance was influenced by both the initial lung burden and the nature of the particular dust. Hatch and Gross5 pointed out that the rate of long term pulmonary clearance was inversely proportional to the lung burden. Middleton et a16 first suggested that, at higher doses, the rate of clearance of asbestos might become saturated. Studies involving amosite fibres,7 particles of diesel exhaust (DEP),8l photocopy test toner (PYIT),"2 13 carbon black,'4 '5 and antimony trioxide (Sb20)'6 have all shown increases in the half time (T7) of pulmonary clearance at increasing lung burdens. Although there is general agreement that clearance rates are reduced at large lung burdens, the functional relation between clearance and burden has been a matter of conjecture. For example, work with Sb203 '6 suggested a linear function between T, and lung burden, although studies of diesel exhaust" and crystalline silica'3 indicated nonlinear relations. (Note that one study '6 involved direct chemical measurement of lung burden but the other two studies" 13 used radioactive tracer particles to estimate clearance rates.) Morrow '7 18 noted that excessive burdens could virtually cause pulmonary clearance to end and speculated, '9 therefore, that a superlinear (curving upward) relation must exist between T, and lung burden.
As well as suggesting that the rate of pulmonary clearance depended upon the burden and the type of dust, publications also showed evidence that, at low burdens, clearance rates were about the same in exposed and unexposed rats. This led to speculation that threshold burdens existed, below which the clearance behaviour could not be differentiated from that of unexposed animals. Table 1 summarises these studies, which suggest that the threshold lung burdens ranged between 02 and 3 mg/rat, depending upon the particu- Here, we will extend application of a Michaelis-Menten-like model of pulmonary clearance to account for the dose-dependent behaviour of particle clearance from the rat lung. This non-linear model will be transformed into a linear relation between Tj and lung burden, the fit of which will be evaluated with data from experimental studies involving diesel exhaust,9 PVC,12 SbO,,'6 and photocopy test toner"3 in the lungs of F344 rats. Note that we excluded from consideration those studies where pulmonary clearance was estimated on the basis of coadministration of radioactive tracer particles, because our analyses indicated that these tracers behaved differently from the dusts under investigation. We will report separately the basis for this finding that tracer particles are cleared at different rates from the dusts themselves.
Materials and methods
Published data from studies of dust overload in F344 rats were selected in which the animals were exposed to dusts by inhalation at various concentrations, according to particular regimens.9 12 16 33 Pulmonary clearance was found by measurement of the cleared dusts themselves-that is, without the use of tracer aerosols. Table 2 summarises the properties of the test dusts and the protocols of these studies. The clearance rate coefficients for diesel exhaust, photocopy test toner, and PVC were estimated by the authors of the original studies91233 assuming a one compartment model for pulmonary clearance. Because procedures for estimation of T, were not reported by Newton et al'6 in the study of Sb203, we estimated TX from their data by the procedure applied to photocopy fluid by Muhle et al." Estimates of kmax and mi were derived from these coefficients through equation (2) To find whether the clearance behaviour of male and female rats was different, a separate analysis was performed for the data of Sb2O, 16 which the authors had differentiated by sex. No significant differences were detected between male and female rats for either the intercepts (P = 0-378) or the slopes (P = 0 523) of the linear relations. This suggests that the clearance behaviour was the same for male and female F344 rats.
With the estimated slopes and intercepts from table 3, we estimated the corresponding parameters for the Michaelis-Menten-like relation in equation (1) (table 5). The estimate of the intrinsic rate of clearance kmax (common to all dusts) was found to be 0X0089 (SE 0-0007) day-, whereas the estimated values of ml increased in the order: SbO, (069 mg) < photocopy test toner (0 97 mg) < diesel exhaust (2-49 mg) PVC (2-90 mg).
Discussion
This study provides evidence that the Michaelis-Menten-like relation given in equation (1) between rate of pulmonary clearance and particle burden is valid in F344 rats, at least for the dusts and experimental protocols which were available from the scientific literature. This depiction of pulmonary clearance is more parsimonious than earlier treatments (complex multicompartmental models with many parameters and often containing both linear and non-linear terms) because it contains only two parameters, and these can be easily estimated from relatively small amounts of experimental data by straightforward methods of regression analysis. We also note that model fit, which is problematic in situations involving complex models with many paramaters, is easily accomplished through residual analysis of the linear relation in equation (2) .
Our Michaelis-Menten-like model relates to total alveolar clearance, which is mediated largely by alveolar macrophages, primarily through migration of particle laden cells to the ciliated airways, and to a minor extent through penetration of these cells through the interstitium to the pulmonary lymphatic system. Thus, the biological plausibility of this model draws upon analogies between the factors involving clearance mediated by alveolar macrophages and those of traditional Michaelis-Menten processes of enzyme kinetics. Enzymatic processes consist of at least two separate stages, one for joining a substrate (S) and enzyme (E) to form a complex (ES) and another for generating a product (P) and recycling E. The key to saturable MichaelisMenten kinetics is the fact that, as well as producing P, the complex ES can also dissociate to release E and S. So there is an inherent feedback system whereby some ES dissociates to regenerate S rather than to entirely produce P; and because this dissociation depends upon the concentration of ES, the overall process is saturable. In the pulmonary compartment of the lung, alveolar macrophages are analogous to E, free particles to S, phagocytised particles to ES, and cleared particles to P (note that the clearance pathway, to either the ciliated airways or the lymph, is irrelevant as long as the clearance involves alveolar macrophages). The key element of feedback is realised through redistribution of the burden by which phagocytised particles can re-enter the alveolar space (after disruption of the alveolar macrophages), only to be phagocytised anew by other alveolar macrophages.23 1820 35 Such release of phagocytised particles occurs not only because of the normal death of alveolar macrophages, but also due to factors related to particle loads in alveolar macrophages3537 or to cytotoxicity of the particles.35 46 In traditional Michaelis-Menten kinetics, the enzyme is not consumed by the process but, rather, is recycled to catalyse additional reactions. Clearly, particle laden alveolar macrophages cannot be recycled in the same manner. However, the population of alveolar macrophages is dynamic, young cells being continuously supplied by migration of monocytes from peripheral blood, interstitial macrophages, and local proliferation of resident macrophages (reviewed by Lehnert3). Older cells either migrate out of the non-ciliated space or die within the lung,35 and additional cells are recruited due to release of chemotactic factors associated with deposited particles. 47 48 Because the number and capacity of alveolar macrophages at any time is ultimately limited, pseudo first order clearance is only possible up to some burden and beyond this point the kinetic processes responsible for clearance by alveolar macrophages became increasingly impaired, again in a manner analogous to enzymatic processes. That is, from equation (1) In contrast to suggesting that kma,, was relatively uniform among the four studies that we investigated, our analyses pointed to significant differences in the parameter ml (the burden at which clearance is half of km,,) among the dusts; where the estimates increased in the order: Sb2,3 (0-69 mg) < photocopy test toner (0-97 mg) < diesel exhaust (2-49 mg) _ PVC (2-90 mg). This suggests that the dusts differed in their abilities to impair alveolar macrophages, either because of their physicochemical properties, their particle volumes, or both. Thus, we see that the parameter ml can be used to establish the range of pseudo first order kinetics (for m < mi). Also, ml (or the corresponding value of the slope term P when a is constant) provides a measure of the potency of a particular dust in impairing pulmonary clearance. Although our data suggest about a fourfold range of ml for these dusts, we anticipate that the range over many dusts would probably be substantially greater, particularly in so far as certain dusts-for example, crystalline silica, are well known to be cytotoxic to alveolar macrophages.
In studies of diesel exhaust Strom and coworkers fitted a six compartment kinetic model to experimental data obtained from F344 rats.450 The model included compartments for both phagocytic alveolar macrophages (designated as M) and sequestered (particle laden) alveolar macrophages (designated as S). The authors used two parameters, km and k, to characterise the non-linear behaviour of the M and S compartments, respectively. Interestingly, in each case the parameter was defined as the particle burden at which the respective clearance rate was half the maximal rate in either the M or S compartment. Thus, we would expect the sum of km and ks, from these studies of diesel exhaust by Strom and coworkers2' 0 to be similar to our estimate of ml = 2-49 mg for diesel exhaust (table 5) , which was based upon the data of Griffis et al. 9 In the first experiment,24 where animals were exposed to intensive concentrations of diesel exhaust for up to 12 weeks, km and k, were estimated to be 1-08 and 1-85 mg, respectively, from which km + k, = 2-93 mg. In the second experiment,50 animals were exposed to low concentrations of diesel exhaust; in this case, the authors concluded that the sequestration (S) compartment was not needed and reported only a value of km = 3.40 mg. Both of these estimates (2-93 mg and 3 40 mg) lie within the approximate 95% CI of our ml for diesel exhaust (point estimate = 2-49 mg), which covers the range between 1 06 and 3 90 mg.
We anticipate that the kinetic parameter ml (or the slope term 13) could be a meaningful index for pulmonary responses which are related to the ability of a dust to impair clearance. For example, in reviewing the mechanisms by which insoluble dusts produce lung tumours in rats, Hext'5 hypothesised that impairment of normal alveolar clearance, either by overloading of the normal clearance mediated by alveolar macrophages with relatively inert particles-for example, TiO,-or by induction of inflammation with more cytotoxic dusts-for example, crystalline silicarepresented a critical step in tumorigenesis. If this speculation is correct, then we would expect the parameter mi (or 15) to be a useful measure of tumorigenesis.
Our finding of dust specific differences in the inhibition of pulmonary clearance can be used to estimate the threshold burden of each of the four dusts which would be required to experimentally differentiate clearance rates between exposed and unexposed rats. Based upon the estimated values of kmax and ml in table 5 and assuming that a significant increase in Tj above the intrinsic value could only be detected at burdens above the upper limit of the approximate 95% CI-that is, 90 3 days-lung burdens of greater than 0 1 1, 0 16, 0 40, and 0-46 mg would be required for the test dusts of SbO,, photocopy test toner, diesel exhaust, and PVC, respectively, to observe significant retardation of clearance. These estimates are consistent with the range of values reported in the literature and summarised in table 1 .
Assuming that the size of the pool of alveolar macrophages in an F344 rat is 2-5 x 107 cells/lung,'7 the mean phagocytosed mass for individual alveolar macrophages, associated with the estimated threshold burden of 0-11 mg for SbO, (density = 5-2 g/cm', table 2) would be 4.4 x 10-6gpg/alveolar macrophage, which is equivalent to 09 pum3/alveolar macrophage in terms of the corresponding volumetric capacity. Similarly, the average volumetric capacities for photocopy test toner, diesel exhaust, and PVC were estimated to be 5.3, 8-0, and 14-2 pm3/alveolar macrophage, respectively. These values are considerably smaller than the range of 25-90 pm'/alveolar macrophage which was suggested by Morrow.18 Although we regard the finding of Michaelis-Menten-like clearance behaviour of the four dusts in this investigation as promising, we recognise that additional experimental confirmation will be required before the results can be generalised. Thus, we encourage other investigators to test the fit of their data to the linearised relation given in equation (2) . We also recognise that extrapolation of the kinetic parameters km<,x and mi to the human lung will be an important challenge for future research.
